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In  this  work,  a  novel  composite  consisting  of  nanosized  silicon  highly  dispersed  within  the  porous,  elastic 
and  conductive  oxide/carbon  matrix  has  been  developed  as  an  anode  candidate  for  lithium  ion  batter¬ 
ies.  The  composite  was  prepared  by  a  mechanochemical  reaction  between  SiO  and  Li  under  ball  milling 
followed  by  a  carbon  coating  using  the  pyrolysis  of  poly(  vinyl  chloride )-co-vinyl  acetate.  The  porous  struc¬ 
ture  can  effectively  suppress  the  volume  change  of  silicon  during  the  electrochemically  Li-alloying  pro¬ 
cess.  No  obvious  capacity  fading  was  observed  up  to  100  cycles  with  a  stable  capacity  of  620  mAh  g-1 .  The 
factors  influencing  the  microstructure  and  the  electrochemical  behavior  of  the  composite  were  discussed. 

©  2009  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Due  to  the  largest  capacity  among  all  known  Li-storage  hosts,  sil¬ 
icon  is  an  attractive  anode  alternative  for  the  commercial  graphite 
for  Li-ion  batteries.  However,  it  shows  a  rapid  capacity  fading  during 
cycling  because  of  the  strong  volume  change.  This,  in  turn,  seri¬ 
ously  hinders  its  practical  applications.  An  effective  approach  to 
solve  this  problem  is  to  create  a  composite  microstructure  com¬ 
prising  active  silicon  uniformly  dispersed  in  an  inert  matrix  [1-9]. 
Additionally,  it  is  essential  to  reduce  the  particle  size  of  Si  to  nano¬ 
scale.  Various  techniques  such  as  gas-phase  evaporation  [10],  high 
temperature  aerosol  reaction  [11  ],  co-sputtering  [12],  Si  ion  implan¬ 
tation  [13],  electrochemical  etching  [14]  and  ball-milling  [15],  have 
been  investigated  to  synthesize  the  nanosized  Si.  Among  them, 
the  ball-milling  technique  is  a  cost-effective  method  for  produc¬ 
ing  nanosized  Si  in  large  scale.  The  nanosized  Si  can  be  produced 
by  ball-milling  of  graphite  and  Si02  powders  for  10  days  followed  by 
an  annealing  treatment  [  16].  It  was  also  shown  that  the  nanosized  Si 
particles  embedded  in  a  solid  matrix  of  amorphous  A1203  and  Si02 
can  be  obtained  by  the  mechanochemical  reaction,  a  solid-phase 
redox  process,  between  Si02  and  A1  powders  under  ball-milling 
[17].  More  recently,  Sandu  et  al.  reported  the  production  of  nano¬ 
sized  Si  via  the  reaction  between  SiBr4  solution  and  Mg  granules 
during  the  ball-milling  process  [18].  The  Si  source  and  the  reduc¬ 
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ing  agent  are  two  key  factors  for  the  mechanochemical  reaction 
under  ball-milling.  Compared  with  Si02  and  SiBr4,  SiO  is  an  attrac¬ 
tive  Si  source  since  it  has  much  lower  bonding  energy  between 
Si  and  O.  Previous  study  indicated  that  the  nanosized  Si  can  be 
obtained  by  ball-milling  SiO  and  Li  with  graphite  as  a  dispersant 
[19].  Zheng  et  al.  also  reported  a  nano-porous  Si/graphite  com¬ 
posite  using  Al  as  the  reducing  agent  under  two-step  ball-milling 
followed  by  an  etching  process  [20].  The  nanosized  Si  can  be  embed¬ 
ded  with  the  carbonaceous  matrix  using  the  pyrolysis  to  obtain  a 
better  performance.  Morita  and  Takami  in  Toshiba  group  developed 
a  nanosilicon  cluster-SiO*-C  composite  by  ball-milling  the  mixture 
of  SiO  and  graphite  followed  by  a  carbon  coating  using  a  pyrolysis  of 
the  polymerized  furfuryl  alcohol  [21  ].  The  composite  had  a  capacity 
over  700  mAhg-1  and  a  long  cycle  life. 

In  this  work,  a  porous  Si/Li20/C  composite  was  developed 
by  a  mechanochemical  reaction  between  SiO  and  Li  under  ball- 
milling  followed  by  a  carbon  coating  using  the  pyrolysis  of 
poly(vinyl  chloride)-co-vinyl  acetate.  Electrochemical  properties 
and  microstructures  of  the  composite  were  investigated  system¬ 
atically. 

2.  Experimental 

2.1.  Preparations  of  the  Si  based  composites 

Planetary  Mono  Mill  P-5  (Fritsch,  Germany)  using  an  80  ml  alu¬ 
mina  vial  filled  with  15  alumina  balls  of  10  mm  in  diameter  was 
used  for  the  milling.  For  the  preparation  of  the  Si/Li20  composite, 
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silicon  monoxide  (SiO,  99.99%,  Aldrich)  and  lithium  metal  with  a 
molar  ratio  of  5:6  were  transferred  to  the  alumina  vial  inside  an 
argon-filled  glove  box  (VAC)  for  mechanical  milling  (475  rpm).  The 
mass  ratio  of  the  milling  balls  to  the  reactants  was  10:1.  Direct  ball¬ 
milling  of  SiO  with  lithium  metal  led  the  formation  of  clumps  of 
the  powder  due  to  the  low  melting  point  of  lithium  (mp  180.1  °C). 
Thus,  a  lubricant  was  added.  The  milling  time  was  5  h.  For  the  com¬ 
parison,  the  Si/Al203  composite  was  prepared  by  milling  a  mixture 
of  SiO  and  aluminum  (200  mesh,  99.99%)  powders  with  a  molar 
ratio  of  SiO:Al  =  3:2  at  the  speed  of  500  rpm  for  15  h.  The  obtained 
Si/Li20  composite  was  added  into  the  solution  in  which  poly( vinyl 
chloride)-co-vinyl  acetate  (Aldrich)  was  dissolved  in  tetrahydrofu- 
ran  solution.  It  was  homogeneously  mixed  under  ultrasonic  action. 
The  weight  ratio  of  the  Si/Li20  composite  to  the  organic  precur¬ 
sor  was  3:7.  The  solvent  evaporated  under  stirring  to  get  a  solid 
blend.  The  blend  precursor  was  then  gradually  heated  to  900  °C 
under  Ar/H2  (4%  H2)  atmosphere.  After  pyrolysis  at  900  °C  for  2  h, 
the  furnace  was  cooled  naturally.  The  products  were  further  ground. 
Nanosized  SiOi.i  (ca.  50  nm)  and  nanosized  Si  (ca.  60  nm)  were 
commercially  available.  Powder  X-ray  diffraction  (XRD)  patterns 
were  obtained  using  automated  powder  diffractometer  with  Cu  Ka 
radiation  (Rotaflex  RU-200B,  Rigaku-denki  Corporation).  The  mor¬ 
phology  of  the  materials  was  characterized  with  scanning  electron 
microscopy  (SEM)  and  transmission  electron  microscopy  (TEM). 

2.2.  Cell  assembly  and  electrochemical  tests 

The  electrode  containing  8wt%  acetylene  black  (AB),  80wt% 
active  materials  and  12wt%  Poly(vinylidene  fluoride)  (PVDF)  was 
prepared  by  a  dry  process.  The  active  powders  and  AB  were  homo¬ 
geneously  mixed  with  PVDF,  and  the  mixture  was  pressed  onto  a 
300-p.m  thick  Ni  foam,  which  served  as  a  current  collector.  After 
pressing,  the  geometric  area  of  the  electrodes  was  1.0  cm2,  and  the 
typical  thickness  was  190-200  p>m.  To  evaluate  the  electrochemical 
properties  of  the  electrodes,  a  half-cell  containing  LiC104/EC  +  DMC 
(ethylene  carbonate  plus  diethyl  carbonate  as  1 :1  in  volume)  elec¬ 
trolyte  was  used,  and  lithium  metal  was  utilized  as  the  counter 
electrode.  All  the  three  layers,  including  test  electrode,  separator 
and  lithium  metal,  were  stacked  in  a  2025  coin  type  cell  in  a  glove 
box.  Unless  stated  elsewhere,  cycling  was  carried  out  at  a  constant 
current  density  of  0.18  mAmg-1  and  a  voltage  cutoff  at  1.5/0.02  V 
vs.  Li/Li+.  Charge  and  discharge  of  the  cells  refer,  respectively,  to 
lithium  extraction  from  and  insertion  into  the  active  hosts.  Elec¬ 
trode  capacity  was  calculated  according  to  the  weight  of  active 
materials.  The  cyclic  voltammetry  experiments  were  performed  on 
a  CFII440  Electrochemical  Workstation. 

3.  Results  and  discussion 

3 A.  Nanosized  Si  prepared  by  me chano chemical  reduction 

The  XRD  patterns  of  the  SiO  powders,  thermally  decomposed 
SiO,  nanosized  SiOi.i  powder,  milled  Si/Al203  and  Si/Li20  com¬ 
posites  were  shown  in  Fig.  1.  The  peaks  of  Si,  SiO  and  Si02  were 
distinguished.  The  SiO  powders  showed  an  obvious  peak  at  approx¬ 
imately  26°,  reflecting  a  high  crystallization  feature.  After  the 
thermal  treatment  at  900  °C,  the  SiO  completely  decomposed  to 
Si02  and  Si.  It  showed  the  weak  and  broad  peaks.  The  nanosized 
SiOi.i  contains  a  small  amount  of  Si02  besides  the  amorphous  SiO 
and  the  crystalline  silicon  [22].  For  the  Si/Al203  composite,  the  peak 
trace  of  SiO  was  observed.  It  indicates  that  the  mechanochemical 
reaction  between  SiO  and  Al  under  ball-milling  did  not  perform 
completely.  In  contrast,  the  milled  Si/Li20  composite  was  almost 
amorphous.  Compared  with  Al,  Li  is  relatively  easy  to  reduce  SiO  due 
to  a  higher  negative  free  energy  change.  Yang  et  al.  have  reported 


Fig.  1.  XRD  patterns  of  the  (a)  SiO,  (b)  thermally  decomposed  SiO  at  900  °C  under 
Ar,  (c)  SiOn,  (d)  ball-milled  Si/Al203  and  (e)  ball-milled  Si/Li20  composites. 

the  observation  of  the  formation  of  the  amorphous  oxides  besides 
Si  under  ball-milling  of  SiO  with  Li  according  to  the  reaction: 
5SiO  +  6Li  ->  Li20  +  Li4Si04  +  Si  [19].  Zheng  et  al.  also  demonstrated 
that  the  mechanochemical  reduction  of  SiO  by  Al  mainly  leads 
to  an  amorphous  A1203  and  crystalline  Si  based  on  the  reaction: 
SiO  +  Al  Si  +  A1203  [20].  This  is  consistent  with  the  present  study. 
Here,  the  composite  obtained  from  SiO  and  Li  was  named  as  Si/Li20, 
not  Si/Li4Si04-Li20,  for  the  sake  of  convenience.  It  was  considered 
that  the  amorphous  Si  in  the  XRD  patterns  was  mainly  due  to  the 
influence  of  the  milling  conditions. 

Fig.  2  shows  the  SEM  micrograph  of  the  milled  Si/Li20  composite. 
The  large  agglomerates  contained  many  small  spherical  particles 
in  3-6  |jim  size,  as  shown  in  Fig.  2a.  This  was  due  to  the  repeated 
fracturing  and  rewelding  processes  of  the  powders  induced  by  the 
strong  ball-to-powder  collisions.  Fig.  2c  further  shows  the  high- 
resolution  transmission  electron  microscope  (HRTEM)  image  of  the 
product.  As  found,  nanosized  Si  domains  (several  nm)  was  uni¬ 
formly  dispersed  in  the  amorphous  oxide. 

As  reported,  nanosized  SiOi.i  has  a  voltage/capacity  curve  sim¬ 
ilar  with  SiO.  It  shows  the  best  cycling  performance  among  all  the 
active  silicon  oxides  [22].  Fig.  3  shows  the  charge  and  discharge 
profiles  of  the  SiOi.i  and  the  milled  Si/Li20  electrodes.  At  the  first 
cycle  shown  in  Fig.  3a,  a  small  voltage  plateau  at  0.6  V  was  observed 
for  SiOi.i.  It  corresponds  to  the  electrochemical  transformation  of 
SiO  to  Si.  Below  0.1  V,  a  flat  voltage  plateau  was  obvious  in  the 
Li-intercalation  stage.  It  was  attributed  to  an  irreversible  phase 
transformation  of  silicon  from  crystalline  to  amorphous.  It  resulted 
in  an  obvious  shift  in  the  discharge  voltage  from  the  first  cycle  to 
the  subsequent  cycles,  as  shown  in  Fig.  3b.  In  contrary,  the  slope 
observed  in  the  voltage  plateau  for  the  Si/Li20  composite  indicated 
that  the  discharge  started  directly  from  an  amorphous  or  micro¬ 
crystalline  state  of  Si.  This  is  in  good  agreement  with  the  XRD 
observations.  The  discharge  voltage  of  the  SiOi.i  electrode  showed 
a  decrease  of  ca.  0.1  -0.3  V  compared  with  the  Si/Li20  composite,  as 
shown  in  Fig.  3b.  It  is  attributed  to  a  higher  voltage  polarization  due 
to  the  inactive  Si02.  The  1st  efficiency  of  the  Si/Li20  and  the  SiOi.i 
composites  was  89%  and  42%,  respectively.  The  first  cycle  efficiency 
of  the  Si/Li20  composite  obtained  here  is  obviously  higher  than  that 
(ca.  81%)  of  the  nanosized  Si/Li/O  composite  prepared  by  a  similar 
method  [19].  It  is  mainly  due  to  the  difference  in  the  experimental 
conditions  of  the  mechanochemical  reaction. 

For  a  comparison,  Al  metal  was  used  as  the  reducing  agent  for 
the  mechanochemical  reduction  of  SiO  under  ball-milling.  Fig.  4 
shows  the  charge  and  discharge  profiles  of  the  Si/Al203  composite. 
The  voltage  curves  were  similar  with  those  of  the  Si/Li20  compos- 
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Fig.  2.  (a)  SEM  micrograph  of  the  milled  Si/Li20  composite,  (b)  SEM  micrograph  of  the  enlarged  section  of  (a)  and  (c)  FRTEM  image  of  the  enlarged  section  of  (b). 


ite.  However,  the  efficiency  at  the  first  cycle  was  approximately 
70%,  which  was  much  lower  than  that  of  the  Si/Li20  composite. 
It  is  attributed  to  the  incomplete  reaction  of  SiO  and  Al.  Further 
optimization  on  the  milling  conditions  will  be  necessary. 


Fig.  5  shows  the  cyclic  voltammograms  (CV)  of  the  Si/Li20  com¬ 
posite  and  the  SiO  electrodes.  The  major  difference  between  the 
two  electrodes  is  the  reduction  curve  at  the  first  cycle.  Two  obvi¬ 
ous  peaks  at  approximately  0.1  and  0  V  as  well  as  a  broad  peak  at 
0.6  V  were  observed  for  the  SiO  electrode.  It  was  considered  that 
the  0.6  V  peak  is  related  with  the  irreversible  reduction  of  SiO  to  be 
Si.  The  peaks  at  0.1  and  0  V  mainly  corresponded  to  the  formation 
of  Li-alloys  like  Lii2Si7  and  Li22Si5  phases.  Nagao  et  al.  reported 
that  the  metallic  silicon  clusters  are  finely  dispersed  in  the  Si04 
tetrahedral  network  for  the  SiO  structure  [23].  This  can  explain  the 
electrochemically  kinetic  behavior  of  SiO  at  the  first  reduction  scan. 
In  contrast,  only  one  reduction  peak  at  around  0  V  was  observed 
for  the  Si/Li20  composite  at  the  first  cycle.  This  behavior  is  highly 
similar  to  that  of  pure  Si.  It  indicates  the  electrochemical  Li-Si  alloy¬ 
ing  reaction  [24].  From  the  second  cycle,  no  obvious  difference  was 
observed  for  the  SiO  and  the  Si/Li20  composites.  It  suggests  that  the 
inserted  lithium  can  reversibly  react  with  silicon  to  form  the  Li-Si 
alloys.  The  curves  highly  overlapped  during  the  redox  reactions 
after  the  second  cycle. 

Fig.  6  shows  the  cycling  performance  of  different  Si-based  mate¬ 
rials.  The  cycling  stability  of  the  SiOi.i  and  the  Si/Li20  composites 


Fig.  3.  Charge  and  discharge  profiles  of  Si/Li20  and  SiOi.i  in  (a)  the  first  cycle  and 
(b)  the  second  cycle. 


Fig.  4.  Charge  and  discharge  profiles  of  the  milled  Si/Al203  composite  for  different 
cycles. 
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Fig.  5.  Cyclic  voltammograms  of  (a)  the  SiO  and  (b)  Si/Li20  composite  from  cycle  1 
to  cycle  3  at  the  scan  rate  of  0.05  mV  s-1  with  the  voltage  range  of  0-1.5  V  vs.  Li/Li+. 

was  obviously  superior  to  that  of  pure  Si.  After  40  cycles  the  initial 
capacity  remained  68.4%  and  69%  for  the  SiOi  i  and  the  Si/Li20  com¬ 
posites,  respectively.  This  is  related  to  the  volume  expansion  during 
Li-accumulation.  It  was  considered  that  the  volume  change  of  Li-Si 
alloy  will  be  approximately  400%  when  1  mol  Si  absorbed  4.4  mol  Li 
[25].  In  contrast,  the  volume  change  of  the  “SiO  to  Li— silicate”  is  only 
half  as  great  as  that  of  the  “Si  to  Li-Si  alloy”  according  to  a  research 
by  Miyachi  et  al.  [26].  The  lithium  utilization  and  the  volume  change 


Fig.  6.  Comparison  in  the  cycling  performance  of  the  nanosized  Si,  SiOu,  Si/Li20 
composite  and  Si/Li20/C  composite. 


Fig.  7.  SEM  micrograph  of  the  pyrolyzed  Si/Li20/C  composite. 


of  the  SiOi.i  and  the  Si/Li20  composites  were  thus  much  less  than 
those  of  pure  Si.  Moreover,  the  inert  Li-silicate  phase  formed  in 
the  SiOi.i  and  the  Si/Li20  composites  can  effectively  alleviate  the 
volume  change  of  Si.  This  results  in  a  better  performance  over  the 
nanosized  Si. 

3.2.  Preparation  of  a  porous  Si/Li20/C  composite 

The  nanosized  Si/Li20  composite  can  control  the  volume  change 
of  the  Li-Si  reaction.  However,  the  cyclability  was  not  satisfac¬ 
tory.  An  ideal  morphology  will  create  a  porous  structure  in  which 
the  interspaces  can  effectively  absorb  the  volume  expansions  of 
the  Li-Si  alloying  reaction.  Fig.  7  shows  the  SEM  image  of  the 
Si/Li20/C  composite.  It  was  obtained  by  dispersing  the  Si/Li20  par¬ 
ticles  within  the  pyrolyzed  carbon.  The  pores  with  diameter  from 
5  to  10  nm  may  arise  from  the  decomposition  of  the  poly( vinyl 
chloride )-co-vinyl  acetate  during  the  pyrolysis. 

Fig.  8  shows  the  charge  and  discharge  profiles  of  the  pyrolyzed 
Si/Li20/C  composite.  Compared  with  those  of  the  SiOi.i  and  Si/Li20 
composites,  the  contribution  of  the  reversible  capacity  are  mainly 
due  to  the  electrochemically  Li-Si  alloying  reaction.  This  led  to  a 
high  capacity  of  approximately  620  mAh  g-1.  However,  the  porous 
structure  will  increase  the  contacting  area  of  some  nansozied  Si 
particles  with  the  electrolyte.  The  voltage  plateau  at  0.9-0.5  V  cor- 


Fig.  8.  Charge  and  discharge  profiles  of  the  pyrolyzed  Si/Li20/C  composite. 
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responded  to  the  amorphous  carbon.  It  also  greatly  increased  the 
irreversible  capacity  at  the  first  cycle.  As  a  result,  the  columbic 
efficiency  at  the  first  cycle  was  decreased  to  60%. 

Cycling  performance  of  the  porous  Si/Li20/C  composite  was 
shown  in  Fig.  6.  No  obvious  capacity  fading  was  observed  up  to  100 
cycles.  The  capacity  fade  rate  was  thus  calculated  to  be  less  than 
0.15%  per  cycle.  The  cycling  performance  of  the  porous  Si/Li20/C 
composite  was  obviously  superior  to  that  of  the  SiOu  and  the 
Si/Li20  composites.  It  indicated  that  the  silicon  particles  were 
highly  fixed  in  the  porous,  conductive  and  elastic  oxides/carbon 
phases.  This  could  effectively  suppress  the  pulverizing  of  Si  by  the 
volume  change  during  cycling. 

4.  Conclusion 

We  have  presented  an  effective  way  to  obtain  the  porous 
Si/Li20/C  composite  using  the  mechanochemical  reaction  between 
SiO  and  metallic  Li  under  ball  milling  followed  by  a  carbon  coating 
via  the  pyrolysis  of  poly( vinyl  chloride )-co-vinyl  acetate.  The  com¬ 
posite  showed  better  cycling  stability  than  the  nanosized  SiOi.i  (ca. 
50  nm)  and  the  nanosized  Si  (ca.  60  nm).  No  obvious  capacity  fade 
was  observed  up  to  100  cycles  with  a  reversible  capacity  of  approx¬ 
imately  620  mAhg-1.  However,  the  columbic  efficiency  at  the  first 
cycle  was  lowered  due  to  the  exposed  surface  of  the  nanosized  Si 
to  electrolyte.  Future  work  is  required  to  eliminate  this  drawback 
for  the  practical  applications. 
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